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SUMMARY 

I n  s u p p o r t  o f  t h e  Surface Tension D r i v e n  Convec t ion  Exper iment p lanned for 
f l i g h t  aboard t h e  Space S h u t t l e ,  t e s t s  were conducted under reduced g r a v i t y  i n  
t h e  2.2-sec Drop Tower and t h e  5.0-sec Zero-G f a c i l i t y  a t  t h e  NASA Lewis 
Research Cen te r .  The dynamics o f  c o n t r o l l i n g  t h e  t e s t  f l u i d ,  a 10-cSt v i s c o s -  
i t y  s i l i c o n e  f l u i d  i n  a low g r a v i t y  env i ronment  w e r e  i n v e s t i g a t e d  u s i n g  d i f f e r -  
e n t  c o n t a i n e r  des igns and b a r r i e r  c o a t i n g s .  Three c o n t a i n e r  edge des igns  were 
t e s t e d  w i t h o u t  a b a r r i e r  c o a t i n g :  a square edge, a sharp edge w i t h  a 45" s lope ,  
and a saw-tooth edge. A l l  t h r e e  edge des igns  w e r e  success f u l  i n  c o n t a i n i n g  t h e  
f l u i d  below t h e  edge. G - j i t t e r  exper iments  were made i n  scaled-down c o n t a i n e r s  
s u b j e c t e d  to  h o r i z o n t a l  a c c e l e r a t i o n s .  
i s  e f f e c t i v e  i n  c o n t a i n i n g  s i l i c o n e  f l u i d  under g - l e v e l s  up to  10-1 go. I n  
a d d i t i o n ,  a second b a r r i e r  c o a t i n g  was found  which has s i m i l a r  a n t i - w e t t i n g  
c h a r a c t e r i s t i c s  and i s  a l s o  more d u r a b l e .  

The d a t a  showed t h a t  a b a r r i e r  c o a t i n g  

INTRODUCTION 

I n  t h e  m i c r o g r a v i t y  env i ronment  o f  space, due t o  t h e  l a c k  o f  bouyancy d r i v e n  
convec t i on ,  m a t e r i a l s  p r o c e s s i n g  i n v o l v i n g  s o l i d i f i c a t i o n  and c r y s t a l  g rowth  i s  
expected to  be d r a m a t i c a l l y  improved. However, m a t e r i a l  p r o p e r t i e s  w i l l  s t i l l  
be a f f e c t e d  b y  t h e r m o c a p i l l a r y  flows induced by s u r f a c e  t e n s i o n  g r a d i e n t s .  The 
Sur face Tension D r i v e n  Convec t ion  Exper iment  (STDCE) ( r e f s .  1 and 2 )  i s  p lanned  
as a m i c r o g r a v i t y  f l i g h t  exper imen t  t o  s tudy  b a s i c  t h e r m o c a p i l l a r y  flow phenom- 
ena i n  a low g r a v i t y  env i ronment .  

The STDCE ( f i g .  1 )  uses a 10 cm d iamete r  c y l i n d r i c a l  c o n t a i n e r  ( u n i t  a s p e c t  
r a t i o )  f i l l e d  w i t h  10-cSt s i l i c o n e  f l u i d ,  and i s  p lanned t o  p r o v i d e  b o t h  a f l a t  
and a cu rved  f r e e  s u r f a c e  which can be c e n t r a l l y  heated e i t h e r  e x t e r n a l l y  or 
i n t e r n a l l y .  A p l a n a r  c r o s s  s e c t i o n  i s  i l l u m i n a t e d  by a sheet  o f  l i g h t  a l l o w i n g  
o b s e r v a t i o n  o f  t h e  r e s u l t i n g  t h e r m o c a p i l l a r y  flows, genera ted  by s u r f a c e  t e n s i o n  
v a r i a t i o n  due t o  t h e  tempera tu re  g r a d i e n t  a l o n g  t h e  f r e e  s u r f a c e .  

The success of a m i c r o g r a v i t y  f l i g h t  exper imen t  depends h e a v i l y  on how 
w e l l  t h e  f r e e  s u r f a c e  i s  c o n t r o l l e d .  S i l i c o n e  f l u i d  has a v e r y  low s u r f a c e  
energy ( a p p r o x i m a t e l y  20 dyneslcm) and w i l l  wet ( e s t a b l i s h  a near  z e r o  c o n t a c t  
ang le  on) most s u r f a c e s .  
t h e  i n n e r  edge o f  t h e  c o n t a i n e r .  Th i s  i s  known as " p i n n i n g "  t h e  f l u i d  to  t h e  
edge. I f  t h e  f r e e  s u r f a c e  i s  d i s t o r t e d  enough by smal l  a c c e l e r a t i o n s  c a l l e d  
g - j i t t e r ,  and causes 

The f r e e  s u r f a c e  i s  c o n t a i n e d  by c o n s t a n t  c o n t a c t  w i t h  
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t h e  edge t o  be wet, f l u i d  may b e g i n  t o  m i g r a t e  o u t  o f  t h e  c o n t a i n e r ,  p r e v e n t i n g  
t h e  a c q u i s i t i o n  of f l u i d  f l ow  and tempera tu re  d a t a  from t h e  d e s i r e d  geometry.  
I f  a s u b s t a n t i a l  amount o f  f l u i d  i s  l o s t  and wets t h e  remainder  o f  t h e  c o n t a i n e r  
i t  would be n e a r l y  i m p o s s i b l e  t o  r e t r i e v e  t h e  f l u i d  w i t h o u t  d i s m a n t l i n g  a s i g n i f -  
i c a n t  p o r t i o n  o f  t h e  exper imen t  package, thus  t e r m i n a t i n g  t h e  exper imen t .  

I n  t h e  l i t e r a t u r e  ( r e f s .  3 t o  5) t h e r e  a r e  many papers d e a l i n g  w i t h  l a t e r a l  
s l o s h i n g  o f  f l u i d s  i n  tanks  under z e r o - g r a v i t y  c o n d i t i o n s .  Th is  work d e s c r i b e s  
t h e  b e h a v i o r  o f  t h e  f r e e  s u r f a c e  i n  sea led  c o n t a i n e r s  under a v a r i e t y  of  cond i -  
t i o n s ,  b u t  does n o t  address t h e  q u e s t i o n  of c o n s t a n t  c o n t a c t  o f  t h e  f r e e  s u r f a c e  
w i t h  an edge i n s i d e  t h e  c o n t a i n e r  ( p i n n i n g ) .  The e f f e c t  o f  p i n n i n g  on  a moving 
f l u i d  i n  low g r a v i t y  i s  n o t  w e l l  unders tood .  

For t h i s  s tudy  a s y s t e m a t i c  t e s t  program was under taken t o  de te rm ine  t h e  
b e s t  way t o  p i n  t h e  f l u i d  a t  t h e  c o n t a i n e r  edge. 
a s e r i e s  o f  d rop  t e s t s  was conducted  i n  t h e  5.0-sec Zero-G F a c i l i t y  a t  t h e  NASA 
Lewis Research Center  to  de te rm ine  t h e  b e s t  edge d e s i g n  f o r  t h e  c o n t a i n e r .  
Three des igns  were t e s t e d  i n  a q u i e s c e n t  low g r a v i t y  env i ronment  ( < l o - 5  go) a 
square edge, a sharp edge w i t h  a 45" s lope ,  and a saw-tooth edge ( f i g .  2 ) .  Each 
d e s i g n  was a b l e  t o  p i n  t h e  s u r f a c e  a t  t h e  i n n e r  edge. 

I n  phase 1 o f  t h e  t e s t  program, 

I n  a p a r a l l e l  e f f o r t ,  a b a r r i e r  c o a t i n g  (Scotchgard ,  a c o a t i n g  wh ich  w i l l  
p r e v e n t  t h e  sp read ing  o f  a f l u i d ,  i . e . ,  possess ing  a l ower  sur face  energy)  was 
f o u n d  t h a t  c o u l d  p o s s i b l y  c o n t a i n  s i l i c o n e  f l u i d .  A s e r i e s  of d rop  t e s t s  was 
conducted i n  t h e  2.2-sec Drop Tower a t  NASA Lewis t o  v e r i f y  t h e  e f f e c t i v e n e s s  o f  
t h e  b a r r i e r  c o a t i n g ,  a p p l i e d  t o  a c o n t a i n e r  edge w h i l e  s u b j e c t e d  t o  h o r i z o n t a l  
a c c e l e r a t i o n s .  
Two edge des igns  were used: t h e  square edge and t h e  45" s loped  edge. 
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I n  phase 1 t h e  
edge p inned  t h e  f l u  
5.0-sec Zero-G Fac i  
chamber, e x t e n d i n g  

t h r e e  
d. A 
i ty .  
45 m 

m in im ize  a c c e l e r a t i o n  due 

edge des igns were t e s t e d  t o  de te rm ine  how 
s e r i e s  o f  e i g h t  d rop  t e s t s  was conducted 
The f a c i l i t y  i s  a 6.1-m d iamete r  s tee l -wa 

w e l l  each 
n t h e  
l e d  vacuum 

n t o  t h e  ground. 
t o  a i r  d r a g  go or 9 . 8 ~ 1 0 - 5  m/secz).  The d rop  

v e h i c l e ,  a 1-m d iamete r  by 1-m h e i g h t  c y l i n d e r ,  we igh ing  a p p r o x i m a t e l y  1100 kg, 
i s  suspended a t  t h e  t o p  of t h e  chamber by a notched b o l t .  
sheared t h e  package i s  r e l e a s e d .  The d rop  v e h i c l e  i s  d e c e l e r a t e d  by m i l l i o n s  o f  
p o l y s t y r e n e  spheres i n  a l a r g e  c o n t a i n e r  a t  t h e  bot tom. 
drop t e s t  i s  5.2 sec ( f r e e  f a l l  d i s t a n c e  i s  132 m ) .  The average d e c e l e r a t i o n  
upon impact  i s  35 go (340 m/sec2> f o r  120 m s .  A schematic o f  t h e  f a c i l i t y  i s  
shown i n  f i g u r e  3. 

The chamber i s  evacuated t o  1.3 Pa t o  

When t h e  b o l t  i s  

The d u r a t i o n  o f  t h e  

The t e s t  c e l l  aboard t h e  d rop  v e h i c l e  c o n s i s t e d  o f  a 10.16 cm d iamete r  p l e x -  
i g l a s  c y l i n d e r  ( a p p r o x i m a t e l y  u n i t  aspect  r a t i o )  w i t h  t h e  a p p r o p r i a t e l y  machined 
edge. Be fo re  t h e  d r o p  t e s t  t h e  c y l i n d r i c a l  c e l l  was f i l l e d  w i t h  10-cSt s i l i c o n e  
f l u i d  t o  t h e  d e s i r e d  l e v e l .  The d rop  v e h i c l e  was t h e n  c l o s e d  up, moved t o  t h e  
t o p  o f  t h e  chamber, suspended and dropped. The m o t i o n  o f  t h e  f r e e  sur face as i t  
e s t a b l i s h e d  an e q u i l i b r i u m  shape was reco rded  w i t h  a h i g h  speed movie camera 
(400 f rames /sec> ,  and t i m e  marked w i t h  an LED t i m e r  i n  t h e  camera f i e l d  of  
v iew.  
and l i g h t s  s l i g h t l y  b e f o r e  t h e  v e h i c l e  was r e l e a s e d .  The t i m e r  began when t h e  
package was r e l e a s e d .  The f i l m  was r e t r i e v e d  from t h e  d rop  v e h i c l e ,  developed 
and viewed on a f i l m  a n a l y z e r .  Between d rop  t e s t s  t h e  P l e x i g l a s  c o n t a i n e r  was 
c leaned w i t h  a l c o h o l  and r i n s e d  i n  a d e t e r g e n t  and d i s t i l l e d  water  m i x t u r e .  A 
schematic o f  t h e  exper imen t  package i s  shown i n  f i g u r e  4. The square edge was 
dropped t w i c e  and t h e  o t h e r  two edges t h r e e  t imes  each. 

The exper imen t  was automated such t h a t  power was d e l i v e r e d  t o  t h e  camera 

I n  phase 2 i n  t h e  2.2-sec Drop Tower, t h e  e f f e c t  on p i n n i n g  o f  a b a r r i e r  
c o a t i n g  a p p l i e d  t o  t h e  edge o f  t h e  c o n t a i n e r  was i n v e s t i g a t e d .  
ous p i n n i n g  t e s t s ,  most o f  these  d rop  t e s t s  s t u d i e d  p i n n i n g  under dynamic (g- 
j i t t e r )  c o n d i t i o n s .  T h i s  f a c i l i t y  was chosen because o f  i t s  low c o s t  and ease 
o f  o p e r a t i o n .  
i n g  an exper imen t  package t o  f r e e  f a l l  a d i s t a n c e  o f  27 m i n  a normal a tmospher ic  
env i ronment  ( f i g .  5). A i r  d r a g  i n  t h i s  f a c i l i t y  i s  m in im ized  by a l l o w i n g  t h e  
exper imen t  package t o  f r e e  f a l l  i n s i d e  a d r a g  s h i e l d  des igned w i t h  a h i g h  w e i g h t  
t o  f r o n t a l  a r e a  and a low d r a g  c o e f f i c i e n t .  The o n l y  d rag  on t h e  exper imen t  
package i s  t h e  a i r  d r a g  a s s o c i a t e d  w i t h  t h e  r e l a t i v e  m o t i o n  o f  t h e  package i n s i d e  
t h e  d r a g  s h i e l d .  
package i s  l e s s  t h a n  10-5 go ( 9 . 8 ~ 1 0 - 5  m/sec2) .  

U n l i k e  t h e  p r e v i -  

The 2.2-sec Drop Tower p r o v i d e s  2.2 sec o f  low g r a v i t y  by a l l o w -  

The r e s u l t i n g  a c c e l e r a t i o n  due t o  a i r  d rag  on t h e  exper imen t  

The exper imen t  package and d rag  s h i e l d  a r e  suspended by a h i g h l y  s t r e s s e d  
music w i r e .  The d r o p  t e s t  beg ins  when a pneumatic k n i f e  edge notches t h e  w i r e ,  
caus ing  i t  to  f a i l .  The exper imen t  and d rop  package a r e  d e c e l e r a t e d  by a cham- 
be r  o f  a e r a t e d  s i l i c a  sand c a u s i n g  a d e c e l e r a t i o n  o f  about  20 go, which i s  con- 
t r o l l e d  by v a r y i n g  t h e  s i z e  and shape o f  t h e  d e c e l e r a t i o n  sp i kes  mounted on t h e  
bo t tom o f  t h e  d r a g  s h i e l d  ( f i g .  6 ) .  A t  t h e  t i m e  o f  impact  t h e  exper imen t  package 
has caught  up t o  t h e  d r a g  s h i e l d  and i s  r e s t i n g  a g a i n s t  i t .  
t h e  f i l m  i s  r e t r i e v e d ,  deve loped and viewed on t h e  f i l m  a n a l y z e r .  

A f t e r  t h e  d rop  t e s t  
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The experiment package consists of an oscillatory shaker table (variable 
amplitude and frequency) with a cylindrical Plexiglas test cell ( D  = 3.175 cm, 
H = 3.81 cm) mounted on the table inside a Plexiglas box to contain the fluid 
during impact. The container is filled to the desired level with IO-cSt sili- 
cone fluid. A high speed (128 frames/sec> 16 mm movie camera records the free 
surface motion. A schematic of the experiment package is shown in figure 7. 

In order to provide a worst case of g-jitter it was decided to conduct 
these tests at the natural frequency of the fluidlcontainer system. The natural 
frequency (ref. 6)  given by 

1 /2 
W n = (F) 

For a 10 cm diameter container the natural frequency is found to be 0.4 Hz. 
In order to see at least a few periods of this oscillation it would require 
more than 2.2 sec of free fall. Therefore the diameter of the container was 
chosen to be 3.175 cm. Therefore, the calculated natural frequency would be 
2 Hz, allowing several periods to be seen during the drop test. The frequency 
range of the shaker table is 1.75 to 4 Hz and the natural frequency of the 
3.175 cm diameter container is 2 Hz. 

Since a fluid/container system is characterized by its axial Bond number, 
defined (ref 7) as the ratio of acceleration forces to capillary forces, 

a Bond number ratio between the two containers of unity should describe the 
same motion (ref. 6 ) .  If a Bond number ratio of unity is used, the ratio of 
the square of the diameters is inversely proportional to the ratio of g levels. 
Therefore extrapolating to the 10 cm diameter container 

the equivalent g-level to produce the same motion should be ten times less. 
The dimensionless g-level is equal to 

The results of phase 1 determined which edge designs would be used in phase 2. 
It was decided to use only the square edge and the 45" sloped edge for reasons 
that will be discussed below. 

Eighteen drop tests were made in the 2.2-sec Drop Tower. As mentioned 
above, all but the first two were dynamic tests. 
close to the natural frequency in most cases. 
its retail form (aerosol) with the following composition: 0.7 percent floroal- 
iphatic resin (anti-wetting agent), l,l,l-trichloroethane (solvent) and car- 
bon dioxide (propellant). After each drop test the container was cleaned 
with asolvent (NA-500) which dissolves silicone fluid. The barrier coating was 
reapplied to the edge using a cotton swab after each cleaning. After applying 
the Scotchgard to the surface, a film of fluoroaliphatic resin was deposited 

The frequency used was very 
The Scotchgard was purchased in 
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when t h e  s o l v e n t  evaporated.  
b u t  was e s t i m a t e d ,  u s i n g  a m ic romete r  t o  be l e s s  than  0.003 cm. 

The t h i c k n e s s  o f  t h i s  f i l m  c o u l d  n o t  be measured, 

RESULTS AND DISCUSSION 

Phase 1 

A summary o f  phase 1 r e s u l t s  appears i n  t a b l e  I .  Each edge d e s i g n  showed 
an a b i l i t y  to  p i n  t h e  f r e e  s u r f a c e  to t h e  edge. O f  t h e  e i g h t  d rop  t e s t s  con- 
duc ted  o n l y  t h r e e  showed p i n n i n g .  However, t h e  f a i l e d  d rop  t e s t s  were due t o  
e i t h e r  an i n s u f f i c i e n t  volume o f  f l u i d  or s p i l l a g e  d u r i n g  h a n d l i n g  b e f o r e  t h e  
t e s t .  I n  t h e  f i v e  t e s t s  i n  which p i n n i n g  d i d  n o t  occu r ,  i n s i g h t  was ga ined  
i n t o  t h e  b e h a v i o r  of t h e  f l u i d  i n  c o n t a c t  w i t h  a w e t t e d  edge. I n  each d rop  
t e s t  t h e  f l u i d  s t a r t s  from a f l a t  f r e e  s u r f a c e ,  s l i g h t l y  be low t h e  edge a t  
t i m e  t = 0. 
c o n t a i n e r  w a l l s  ( t o  e s t a b l i s h  t h e  l o w e s t  energy  e q u i l i b r i u m  f r e e  s u r f a c e  
shape) u n t i l  i t  reaches t h e  edge and p i n s .  
i s  curved.  

A f t e r  the s t a r t  o f  t h e  d rop  t e s t  ( t  > 0) t h e  f l u i d  r i s e s  up t h e  

The r e s u l t i n g  f r e e  s u r f a c e  shape 

Two d rop  t e s t s  were made w i t h  t h e  square edge. Drop t e s t  number 2 had an 
i n s u f f i c i e n t  amount of f l u i d  (213 c c ) ;  t h e r e f o r e ,  5.0 sec was n o t  enough t i m e  

w i t h  t h e  square edge, p inned  t h e  f r e e  sur face s u c c e s s f u l l y  w i t h i n  0.8 sec. 
I for t h e  f l u i d  t o  r e a c h  t h e  edge. The second d r o p  t e s t  (no. 3: V = 308 cc)  

The 45" s loped  edge was dropped t h r e e  t i m e s .  W i th  V = 308 cc (no.  4) t h e  
f r e e  s u r f a c e  was p inned  w i t h i n  0.6 sec. The second two d rop  t e s t s  (no.  7:  
V = 410 cc,  no.  8: V = 400 cc r e s p e c t i v e l y )  w i t h  t h e  45" edge w e r e  n o t  suc- 
c e s s f u l  because f l u i d  was s p i l l e d  d u r i n g  h a n d l i n g  of t h e  d rop  v e h i c l e ,  t hus  

! w e t t i n g  t h e  edges, and no p i n n i n g  r e s u l t e d .  

The saw-tooth edge showed an a b i l i t y  t o  p i n  when f l u i d  was s p i l l e d .  
f l u i d  wet one t o o t h  t h e  n e x t  t o o t h  p inned  t h e  f r e e  s u r f a c e .  
was a l s o  dropped t h r e e  t imes .  The first d rop  t e s t  (no. 1 :  V = 395 c c )  showed 
t h a t  t h e  f l u i d  was s p i l l e d  o v e r  t h e  f i r s t  t o o t h  d u r i n g  v e h i c l e  t r a n s f e r .  
A l though  t h e  f i r s t  t o o t h  was we t ted ,  t h e  f r e e  s u r f a c e  p i n n e d  on t h e  second 
t o o t h .  The t h i r d  d r o p  t e s t  (no. 6: V = 410 c c )  was n e a r l y  i d e n t i c a l  w i t h  the  
e x c e p t i o n  t h a t  t h e  f r e e  s u r f a c e  p i n n e d  t o  t h e  t h i r d  t o o t h .  D u r i n g  t h e  second 
d rop  t e s t  (no. 5 :  V = 410 c c )  a l l  edges were wet d u r i n g  v e h i c l e  t r a n s f e r  and 
no p i n n i n g  was observed.  

I f  
T h i s  c o n f i g u r a t i o n  

I t  i s  c l e a r  from these  d rop  t e s t  r e s u l t s  t h a t  a l l  t h r e e  edges were suc- 

The second c o n c l u s i o n  t h a t  can be drawn from these  t e s t s  i s  t h a t  once 

c e s s f u l  i n  p i n n i n g  t h e  f r e e  s u r f a c e .  The saw-tooth edge was a p a r t i c u l a r l y  
p r a c t i c a l  des ign  because i t  a l l o w e d  f o r  some s p i l l a g e  w i t h o u t  s a c r i f i c i n g  p i n -  
n i n g .  
t h e  edge i s  w e t ,  p i n n i n g  i s  n o t  l i k e l y  t o  o c c u r .  The d a t a  from these  t e s t s  

Convec t ion  Exper iment,  Zero-G F a c i l i t y "  (MPD no. 1691). 

~ 

I a r e  summarized i n  NASA L e w i s '  M o t i o n  P i c t u r e  Department f i l m  "Su r face  Tension 

I 

Phase 2 I 

A summary of phase 2 r e s u l t s  i s  shown i n  t a b l e  11. The r e s u l t s  o f  phase 

i n g  d rop  t e s t s ,  which i l l u s t r a t e  t h e  a b i l i t y  o f  t h e  b a r r i e r  c o a t i n g  t o  r e s i s t  
i two a r e  d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :  ( 1 )  i n i t i a l  d rop  t e s t s  ( 2 )  b a r r i e r  c o a t -  
) 
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t h e  f low o f  s i l i c o n e  f l u i d  and ( 3 )  a n t i - w e t t i n g  d rop  t e s t s ,  wh ich  i l l u s t r a t e  
t h a t  s i l i c o n e  f l u i d  w i l l  bead up on  coa ted  sur faces .  F i g u r e  8 i s  a summary o f  
t e s t  c o n f i g u r a t i o n s  showing edge des ign ,  c o a t i n g ,  and i n i t i a l  and f i n a l  s u r f a c e  
shapes. On ly  two o f  t h e  t h r e e  edges t e s t e d  i n  phase 1 were s e l e c t e d  f o r  phase 2 
t h e  90" and t h e  45" edges. Because i t  was shown t h a t  a l l  t h r e e  des igns  worked 
e q u a l l y  w e l l ,  t h e  s e l e c t i o n  c r i t e r i o n  was ease o f  manu fac tu r ing .  The 45 and 90" 
edges w e r e  much e a s i e r  t o  machine i n t o  t h e  P l e x i g l a s  c o n t a i n e r .  

would be e f f e c t i v e  a g a i n s t  s i l i c o n e  f l u i d  i n  a m i c r o g r a v i t y  env i ronment .  Whi le  
t r y i n g  t o  c o a t  o n l y  t h e  edge, smal l  amounts of b a r r i e r  f i l m  coa ted  t h e  i n s i d e  
w a l l  o f  t h e  c o n t a i n e r .  D u r i n g  t h e  d rop  t e s t ,  t h e  f l u i d  spread up t h e  s i d e  of 
t h e  c o n t a i n e r  and p inned  a t  t h e  c o a t i n g  on  t h e  i n s i d e  o f  t h e  c o n t a i n e r .  

A f t e r  see ing  t h a t  t h e  c o a t i n g  would h a l t  t h e  f l u i d  even a t  t h i s  r e l a t i v e l y  
h i g h  v e l o c i t y  (as  opposed t o  a c r e e p i n g  f low o v e r  seve ra l  hours  i n  1-g), t h e  ba r -  
r i e r  c o a t i n g  was a p p l i e d  t o  t h e  e n t i r e  i n s i d e  o f  t h e  c o n t a i n e r  ( d r o p  t e s t  no.  2, 
f i g .  ( 8 b ) ) .  D u r i n g  t h i s  d r o p  t e s t  t h e  f l u i d  spread up t h e  s i d e  o n l y  enough t o  
e s t a b l i s h  an e q u i l i b r i u m  c o n t a c t  ang le  of r o u g h l y  40°, a p p r o x i m a t e l y  t h e  same as 
observed i n  1-g. 

I Drop t e s t  no.  1 ( f i g .  ( 8 a ) )  gave t h e  f irst i n d i c a t i o n  t h a t  t h i s  c o a t i n g  

The n e x t  seven d rop  t e s t s  (nos .  7 ,  4, 5 ,  8, 9, 15, and 16) were conducted 
t o  e s t a b l i s h  t h e  e f f e c t i v e n e s s  o f  t h e  b a r r i e r  c o a t i n g  t o  keep t h e  f r e e  s u r f a c e  
p inned  under a h o r i z o n t a l  g - j i t t e r  c o n d i t i o n .  Because f l u i d  d i d  n o t  spread o v e r  
t h e  b a r r i e r  c o a t i n g  i n  t h e  f i r s t  d r o p  t e s t ,  t h e  b a r r i e r  c o a t i n g  was used ( w i t h -  
o u t  a s o l i d  edge) i n  d r o p  t e s t  no.  7 t o  p i n  t h e  f l u i d .  The t o p  1 cm o f  t h e  
i n s i d e  o f  t h e  c o n t a i n e r  was coated  and t h e  c o n t a i n e r  was f i l l e d  t o  w i t h i n  approx- 
i m a t e l y  5 mm below t h i s  c o a t i n g  l i n e  ( f i g .  8 ( c ) ) .  The f l u i d  spread a l o n g  t h e  
w a l l  u n t i l  i t  reached t h e  c o a t i n g  l i n e ,  where i t  p inned .  A g - l e v e l  o f  0.033 go 
was a p p l i e d  w i t h o u t  t h e  f l u i d  r i s i n g  above t h e  c o a t i n g  l i n e .  

I n  t h e  r e m a i n i n g  s i x  d r o p  t e s t s  ( f i g s .  8 ( e > ,  8 ( d > ,  8 ( d > ,  8 ( d > ,  8 (e ) ,  8 ( d >  
r e s p e c t i v e l y )  t h e  c o n t a i n e r s  were f u l l y  f i l l e d  and s u b j e c t e d  t o  a v a r i e t y  o f  
g - l e v e l s ,  from 0.013 t o  0.1 go, b y  v a r y i n g  t h e  a m p l i t u d e  and f r e q u e n c y  o f  t h e  
shaker t a b l e ,  b u t  keep ing  t h e  f r e q u e n c i e s  c l o s e  t o  t h e  n a t u r a l  f requency .  No 
s p i l l a g e  was observed d u r i n g  these d rop  t e s t s .  E x t r a p o l a t i n g  t o  t h e  10-cm- 
d iameter  c o n t a i n e r ,  an e f f e c t i v e  g - l e v e l  of 0.0013 t o  0.01 go was exper ienced .  
The g - l e v e l  r e q u i r e d  by  t h e  STDCE ( r e f .  1 )  i s  go t o  m a i n t a i n  a s u i t a b l y  
q u i e s c e n t  f r e e  s u r f a c e .  These d a t a  i n d i c a t e  t h a t  i n  t h e  e v e n t  some g - j i t t e r  
l a r g e r  than  go occu rs  (as  much as one t o  two o r d e r s  o f  magn i tude) ,  sc ien -  
t i f i c  d a t a  may be compromised b u t  t h e  worst case ( f l u i d  loss from t h e  c o n t a i n e r )  
i s  m in im ized  w i t h  t h e  use o f  a b a r r i e r  c o a t i n g .  

The f i n a l  t h r e e  d rop  t e s t s  (nos .  14,  17, and 18) were conducted  under a 
h i g h  g - leve l  (0.049, 0.049, and 0.072 g) t o  i l l u s t r a t e  t h a t  even though f l u i d  i s  
s p i l l e d ,  r e p i n n i n g  i s  n o t  i n h i b i t e d  by w e t t i n g  ( f i g s .  8 ( e > ,  8 ( d > ,  and 8 ( d >  
r e s p e c t i v e l y ) .  I n  d rop  t e s t  no.  14 some f l u i d  s p i l l e d  o v e r  t h e  edge b u t  l e f t  
o n l y  a smal l  d rop  beaded up on  t h e  edge, wh ich  does n o t  a f f e c t  p i n n i n g .  Had 
t h e r e  been no  b a r r i e r  c o a t i n g ,  t h e  e n t i r e  edge would have been wet, i n h i b i t i n g  
r e p i n n i n g .  I n  d rop  t e s t  nos. 17 and 18 f l u i d  a l s o  s p i l l e d  o v e r  t h e  edge o f  t h e  
c o n t a i n e r ,  b u t  beaded up on  t h e  edge. Aga in ,  i f  t h e r e  were no  b a r r i e r  c o a t i n g ,  
t h e  f l u i d  would have wet t h e  e n t i r e  edge, p r o v i d i n g  an o p p o r t u n i t y  f o r  f l u i d  t o  
m i g r a t e  from t h e  c o n t a i n e r .  A f i l m  summary of these r e s u l t s  can be found  i n  
"The E f f e c t i v e n e s s  o f  a B a r r i e r  C o a t i n g  f o r  M i c r o g r a v i t y  A p p l i c a t i o n s  c f  Low Sur 
f a c e  Energy F l u i d s "  i n  NASA L e w i s '  M o t i o n  P i c t u r e  Department (MPD no.  1710). 
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I CONCLUDING REMARKS 

The t e s t s  conducted were use fu l  i n  v i s u a l i z i n g  t h e  s t a t i c  and dynamic behav- 

I t  must be n o t e d  t h a t  t h e r e  a r e  s e v e r a l  l i m i t a t i o n s  t o  t h e  i n t e r p r e -  
i o r  of a f r e e  s u r f a c e  i n  c o n t a c t  w i t h  a c o n t a i n e r  edge under reduced g r a v i t y  
c o n d i t i o n s .  
t a t i o n  o f  these da ta .  F i r s t ,  t h e  dynamic g - j i t t e r  t e s t s  conducted i n  t h e  
2.2-sec Drop Tower a r e  t r a n s i e n t .  
s i t u a t i o n s  i n v o l v i n g  s h o r t  t e r m  a c c e l e r a t i o n s  ( i . e . ,  j o l t s ) .  Second, these 
t e s t s  address o n l y  a c c e l e r a t i o n s  para1 l e 1  to  t h e  f r e e  s u r f a c e .  A c c e l e r a t i o n s  
normal to  t h e  f r e e  sur face a r e  a s t a b i l i t y  p rob lem ( r e f s .  8 to  11) and must be 
t r e a t e d  s e p a r a t e l y .  Bo th  p a r a l l e l  and normal g - j i t t e r  must be c o n s i d e r e d  s imu l -  
t aneous ly  i n  o r d e r  t o  unders tand  c o m p l e t e l y  how p i n n i n g  i s  a f f e c t e d  d u r i n g  
random a c c e l e r a t i o n s .  

Therefore,  t hese  d a t a  a r e  m o s t  a p p l i c a b l e  t o  

There a r e  a l s o  drawbacks i n v o l v e d  w i t h  t h e  s u r f a c e  f low i n h i b i t i n g  b a r r i e r  
c o a t i n g .  The r e s i n  can be wiped o f f  a sur-  
f a c e  u s i n g  l i g h t  s t r o k e s  w i t h  t i s s u e  paper .  A l s o  i t s  e f f e c t i v e n e s s ,  when i n  con- 
t a c t  w i t h  s i l i c o n e  f l u i d ,  i s  on t h e  o r d e r  o f  m inu tes .  S ince  these  t e s t s  have 
been conducted, a more a p p r o p r i a t e  ( i . e . ,  tougher  and lower s u r f a c e  energy)  ba r -  
rier c o a t i n g  has been found (3M FC-723). 
c o a t i n g  f o r  t h e  STDCE because i t  was des igned for use w i t h  s i l i c o n e  p r o d u c t s .  
I t  meets M i l i t a r y  S p e c i f i c a t i o n  MIL-B-81744A: B a r r i e r  c o a t i n g  s o l u t i o n ,  L u b r i -  
c a n t  m i g r a t i o n  d e t e r r e n t .  
7 dyn/cm l e s s  than  Scotchgard.  1-g t e s t s  i n d i c a t e  s i l i c o n e  f l u i d  
e s t a b l i s h e s  a p p r o x i m a t e l y  t h e  same c o n t a c t  a n g l e  on  FC-723 ( p l a c e d  on  g l a s s )  as 
on Scotchgard.  I t s  m o s t  i m p o r t a n t  improvement o v e r  Scotchgard  i s  i t s  e f f e c t i v e  
l i f e  on g l a s s  i n  c o n t a c t  w i t h  s i l i c o n e  f l u i d .  I t  i s  a t  l e a s t  24 hours  ( p e r  
MIL-B-81744A) and t e s t s  i n d i c a t e  i t  c o u l d  be as l o n g  as a month. I t s  l i f e  on 
g l a s s ,  exposed t o  a i r ,  seems t o  be u n l i m i t e d .  

I t  must be no ted  t h a t  FC-723 has been used, u n s u c c e s s f u l l y ,  p r e v i o u s l y  i n  
c o n j u n c t i o n  w i t h  t h e  Drop dynamics Module aboard Spacelab-3 ( r e f .  12) .  
mic  needles were coated w i t h  FC-723 t o  r e s t r i c t  t h e  c reep  o f  s i l i c o n e  f l u i d  du r -  
i n g  d rop  i n j e c t i o n  o f  s i l i c o n e  f l u i d  drops i n t o  an a c o u s t i c  f i e l d .  D u r i n g  t h e  
exper iment ,  i t  was observed t h a t  s i l i c o n e  f l u i d  d i d  c reep  o v e r  t h e  need les .  The 
reason for t h e  f a i l u r e  o f  FC-723 to  c o n t a i n  s i l i c o n e  f l u i d  was a t t r i b u t e d  to  t h e  
e f f e c t i v e  l i f e  when i n  c o n t a c t  w i t h  s i l i c o n e  f l u i d .  D u r i n g  p r e - f l i g h t  s t o r a g e  
( a p p r o x i m a t e l y  4 months), s i l i c o n e  f l u i d  creeped from t h e  s t o r a g e  r e s e r v o i r  and 
came i n  c o n t a c t  w i t h  t h e  FC-723, thus  r e n d e r i n g  i t  i n e f f e c t i v e .  T h e r e f o r e ,  i t  
i s  e s s e n t i a l  t o  ensure,  t h rough  p roper  des ign ,  t h a t  s i l i c o n e  f l u i d  w i l l  n o t ,  
under any c i r cums tances ,  come i n  c o n t a c t  w i t h  s i l i c o n e  f l u i d  b e f o r e  t h e  e x e c u t i o n  
o f  t h e  exper imen t .  

I t  i s  n o t  v e r y  t o l e r a n t  t o  a b r a s i o n .  

I 

1 
FC-723 i s  a more a p p r o p r i a t e  b a r r i e r  

The surface energy  of t h i s  c o a t i n g  i s  a p p r o x i m a t e l y  

t 
I 

Hypoder- 
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TABLE I .  - SUMMARY OF PHASE 1 RESULTS 

[90 = 90 Degree edge: 45 = 45 degree edge: ST = saw t o o t h  edge.] 

number 

I 
~ 

Edge 
des i  gn 

90 
90 
45 
45 

45 

ST 

ST 

ST 

~~ 

V o l  ume, 
cc 

213 
308 
308 
410 

400 

395 

410 

410 

~~ ~ 

Remarks 

Volume o f  f l u i d  i n s u f f i c i e n t  t o  wet edge. 
Complete ly  p inned  w i t h i n  0 .8  sec. 
Complete ly  p inned w i t h i n  0 . 7  sec.  
Sur faces we t ted  p r i o r  t o  drop.  

~ Sur faces we t ted  p r i o r  t o  drop.  
I n c o n c l u s i v e .  

No p i  n n i  ng observed. 
F i r s t  t o o t h  we t ted  p r i o r  t o  drop.  

P i n n i n g  observed on second t o o t h .  
A l l  t e e t h  wet p r i o r  t o  drop.  

No p i  n n i  ng observed. 
F i r s t  two t e e t h  we t ted  p r i o r  t o  drop.  

P i n n i n g  a t  t h i r d  edge. 
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TABLE 11. - SUMMARY OF PHASE 2 RESULTS 

[90 = 90 Degree edge: 45 = 45 degree edge: T = top edge o f  conta iner :  A = e n t i r e  con- 
t a i n e r  coated: P = p a r t i a l  coat ing:  F = f i l l e d  t o  the edge: U = f i l l e d  under coat ing. ]  

Drop number 

1 

2 

7 

4 

5 

8 

9 

14 

15 

16 

17 

18 

Condi t ion 
(edge- 

coat ing- 
f i l l )  

90-1-U 

90-A-U 

90-P-u 

45-1-F 

90-1-F 

90-T-F 

90-1-F 

45-T-F 

45-1-F 

90-1-F 

90-1-F 

90-1-F 

Amp1 i tude, 
cm 

0 

0 

0.056 

.OS6 

.OS6 

.OS6 

.OS6 

.32 

.32 

.32 

.32 

.32 

Frequency, 
Hz 

0 

0 

3.85 

2.38 

2.38 

1.96 

2.86 

1.96 

2.86 

1.5 

1.96 

2.38 

G-level , 
9 

0 

0 

0.033 

.013 

.013 

.0083 

.018 

.049 

.10 

.029 

.049 

.072 

Remarks 

F l u i d  pinned a t  
edge. Does n o t  
cover sp i  11 ed 
b a r r i e r  coat ing.  

F l u i d  does n o t  
reach edge. 
Establ  i shes 
approximately a 
40° con tac t  angle.  

F l u i d  p i n s  a t  
b a r r i e r  c o a t i  ng 
l i n e .  

No s p i l l a g e .  

No s p i l l a g e .  

No s p i l l a g e .  

No s p i l l a g e .  

One drop o f  f l u i d  
beads up on con- 
t a i n e r  edge. 

Large sur face 
mot ion.  No 
sp i  11 age 

No spillage 

F l u i d  r i s e s  over 
edge and beads 
up bu t  remains 
pinned. 

F l u i d  r i s e s  over  
edge and beads 
up bu t  remains 
pinned. 
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IR-SCANNING 
THERMOGRAPHY: 
SURFACETEMPERATURE 
DISTRIBUTION 

TOPRODUCESURFACE 
TEMPERATURE GRADIENT 
TO 30 OC 

TRANSPARENT 
TEST CELL 
5 cm RADIUS 
5 cm DEEP 

CAMERA VIEW u :',:%OM SURFACE 

FLOW VISUALIZATION: 

TO DETERMINE LOCAL VELOCITY 
DISTRIBUTION 

AI203 SUSPENDED IN SILICONE OIL 

A STUDY OF BASIC AND OSCILLATORY FLOW CHARACTERISTICS 
AS GENERATED BY THERMOCAPILLARY CONVECTION. 

P.1: S. OSTRACH AND Y. KAMOTANI 
CASE WESTERN RESERVE UNIVERSITY 

FIGURE 1. - SURFACE TENSION DbiVEN CONVECTION EXPERlMENl 

I FREE SURFACE 

I 900 -1 
U 

90-DEGREE EDGE 

CONTAINER EDGE - 
FREE SURFACE I-." 

45-DEGREE EDGE 

SAW-TOOTH EDGE 

FIGURE 2. - EDGE DESIGNS. 

T.P. JACOBSON 
LeRC PSlPM 
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FIGURE 3. - ZERO-G F A C I L I T Y  

BACKLIGHTING 

fl 
TIMER 

C N E R A  

P L E X I G L A S  TEST CELL 

----- I N I T I A L  SURFACE SHAPE - F I N A L  SURFACE SHAPE 

FIGURE 9. - SCHEMATIC OF EXPERIMENT PACKAGE USED I N  PHASE I .  

1 1  



FIGURE 5 .  - 2.2 SECOND DROP TOWER. 

.-Wire release mechanism 

I U  
I I 

(a) Before test drop. 

C D-10595-11 

Base rounded to 
reduce air  drag 

/ 
(b) During test drop. 

FIGURE 6 .  - DROP R I G  AND EXPERIMENT PACKAGE. 

I I Irl (c) After test drop 



BACKLIGHTING n 

r 

ENCLOSURE 

::::I 
1 

63 
CAHERA 

T I E R  

VARIABLE 
AMPLITUM AND 
FREQUENCY 
SHAKER TABLE 

FIGURE 7 .  - SCHEMTIC OF EXPERIMENT PACKAGE USED I N  PHASE 11.  

- BARRIER COATING (NOT TO SCALE) 
I N I T I A L  SURFACE SHAPE 

FINAL SURFACE SHAPE (OSCILLATORY) 
.----’ FINAL SURFACE SHAPE (STATIC)  

‘.d 

FIGURE 8. - SUmARY OF TEST CONFIGURATIONS USED I N  PHASE 11.  
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